INTRODUCTION {#s1}
============

Plants are made of tiny 'pressure bombs'. Indeed, walled cells as in plants, fungi or bacteria contain a high hydrostatic pressure termed turgor pressure. Turgor pressure can reach 20 atmospheres, i.e. 2 MPa, a value much higher than the air pressure inside automobile tyres, and plays fundamental roles in structural integrity, morphogenesis and many other aspects of physiological function. Although turgor pressure is often thought to be uniform within a developing organ, it can be variable from cell to cell. It also can change dynamically depending on many intrinsic and extrinsic factors, such as sugar metabolism, changes in the shapes of cells and tissues (including growth) and environmental conditions.

Recent reviews addressed the role of turgor in plant growth ([@MCU187C39]; [@MCU187C46]; [@MCU187C110]), hydraulics of plant cells and tissues ([@MCU187C83]; [@MCU187C32]; [@MCU187C35]; [@MCU187C103]; [@MCU187C22]) or the quantification of turgor *in vivo* ([@MCU187C38]; [@MCU187C111]; [@MCU187C86]). Here we try to give a broader view of turgor and its regulation in development. We first summarize the general role of turgor pressure in plant function and then overview the ways by which cells can regulate it. We then review the methods that enable the measurement of water potential, turgor pressure or hydraulic conductivity. Such pieces of information are then placed into specific developmental contexts in three case studies from floral organ differentiation: anther dehiscence, flower opening and pollen tube growth. We finally speculate on the role of the temporal and spatial regulation of turgor in development.

ROLES OF TURGOR PRESSURE {#s2}
========================

Turgor pressure provides structural integrity to each cell and to the tissue as a whole (Fig. [1](#MCU187F1){ref-type="fig"}). At the cellular level, turgor pressure pushes the plasma membrane against the cell wall and causes in-plane mechanical tension within the cell wall (Fig. [1](#MCU187F1){ref-type="fig"}A). The rigid cell wall, which is made of a complex composite of carbohydrate polymers and structural proteins, stretches until it settles at a size and shape where the cell wall can stably withhold the internal pressure. Hence turgor pressure is thought to drive growth ([@MCU187C39]; [@MCU187C46]; [@MCU187C110]). The stiffness of a cell comes from both the material properties of the cell wall and the turgor pressure within the cell. In highly turgid cells, the surface stiffness is determined mostly by the turgor pressure and perhaps appropriately is referred to as 'turgor' (see Appendix 1). Similarly, at the tissue level, the structural strength of tissues depends on both the cell wall rigidity and turgor pressure in each cell. It can be easily observed that tissues harden when turgor pressure rises and soften and even wilt when turgor falls. Therefore, turgor is essential for the morphology, architecture and engineering soundness of plants. It is also believed that the outermost structure of aerial organs is under tension and withstands the internal pressure ([@MCU187C101]; [@MCU187C46]; [@MCU187C110]); the pressure exerted from the internal cells is borne by the epidermal cells -- especially the outermost cell wall on the tissue surface (Fig. [1](#MCU187F1){ref-type="fig"}B). Fig. 1.Turgor pressure and its molecular determinants. (A) Turgor pressure puts cell walls in tension. (B) Turgor pressure can also induce tension at the tissue level, for instance in the epidermis. (C) Turgor pressure and water fluxes depend on plasmodesmata, aquaporins, transporters and channels.

Given the role of turgor in the structural strength of a plant, it is not surprising that dynamic variations in turgor have been implicated in plant movements ([@MCU187C125]; [@MCU187C32]; [@MCU187C35]), for instance in the circadian movement of leaves. The most studied example is stomata, which are open only when turgor is high enough in guard cells.

In addition to the structural contributions, turgor pressure also affects physical conditions within the cell and subsequently cellular function and biochemistry. It presses the plasma membrane against the cell wall, possibly thinning the membrane as a result ([@MCU187C27]). An increase in the cellular hydraulic pressure is often associated with an increase in cytoplasmic concentration so that cytoplasmic crowding modifies the macromolecular conformation and interactions ([@MCU187C11]; [@MCU187C33]; [@MCU187C19]). Intracellular membrane dynamics, as well as organelle sizes and shapes, also seem to be sensitive to turgor pressure; for example, the higher the turgor pressure, the higher the energetic barrier for endocytosis to occur ([@MCU187C37]).

Furthermore, changes in turgor pressure could be involved in signal transduction pathways. Environmental conditions impact turgor pressure; high salinity or water stress reduce turgor, whereas hypo-osmotic conditions (as in flooding) and compression due to stomping by animals or bending by wind, for example, would increase the pressure. Biotic stress, for instance wounding caused by microbe infection, would release turgor pressure. Thus some of the signal transduction and molecular pathways activated in response to environmental stresses could be downstream of cues associated with changes in turgor pressure or other mechanical alterations ([@MCU187C146]). In fact, osmotic conditions of the cell are so interlinked with turgor pressure that it is often thought that cells measure their intracellular pressure via osmosensing ([@MCU187C140]; [@MCU187C161]). Alternatively, cells are thought to sense turgor pressure from their expansion or shrinkage following changes in the internal pressure. Mechanosensitive proteins embedded in the plasma membrane which become activated when cells are deformed \[for example those reviewed in [@MCU187C88], e.g. stretch-activated channels\] can indirectly trigger responses to turgor changes. It is likely that there are many different ways by which cells sense physical parameters such as turgor pressure; just about any of the diverse ways turgor pressure can affect cells, as described above, could be an input to induce cellular responses. In this framework, turgor would be at the same time an integrator of environmental and developmental cues and an entry point for various signalling pathways.

In addition to the cellular physiological functions, turgor pressure and its gradient within a tissue can provide positional information, driving water and molecular movement directionally. In 1930, Ernst Münch proposed the so-called 'pressure or mass flow hypothesis' to explain how sugars are transported from sink to source in plants ([@MCU187C130]). The phloem cells at source have a high concentration of sugar that draws water into them, creating a gradient in turgor pressure, which is higher in the source and lower in the sink. Movement of the phloem sap occurs by bulk (mass) flow down the turgor gradient to the sink. For nearly a century, it has been the most dominant theory for the mechanism driving long-distance transport. An even longer standing theory (the cohesion--tension theory proposed by Joly and Dixon in 1894) dictates that the movement of water and nutrients through the xylem also follows the gradient in water potential. Unlike in the phloem, however, xylem transport occurs down the pressure gradient from the root to the leaf, where a negative pressure is generated by water evaporation into the air spaces in the mesophyll.

REGULATION OF TURGOR PRESSURE {#s3}
=============================

Turgor pressure increases or decreases when the water content changes within the cell (Fig. [1](#MCU187F1){ref-type="fig"}C). In an ideal equilibrium situation with no active regulation of water content and no water flow through the plant, turgor pressure would only be determined by differences in osmotic potential between compartments (Appendix 1), e.g. between a cell and its extracellular space. Out of equilibrium, water influx or efflux can be driven directly or indirectly. Random water movement across the membrane does happen at a low rate; however, water molecules are transferred into and out of a cell much more efficiently through openings in the cell boundary ([@MCU187C45]). The direct water movement occurs through such 'holes' -- water channels embedded in the plasma membrane, known as aquaporins, and the intracellular cytoplasmic connections called plasmodesmata. Water passes through these openings following gradients in water potential (see below). Hence water movement can be facilitated indirectly by changing the differential osmotic potentials across the cell boundary. Alternatively, if water flow is driven, for instance by evaporation, an increase in the difference in water potential between compartments occurs (Appendix 1), that depends on the conductivity of openings between the two compartments, such as plasmodesmata or aquaporins. Therefore, closure of plasmodesmata or gating of aquaporins can contribute to the regulation of turgor.

Aquaporins {#s3a}
----------

Water channels are membrane intrinsic proteins of a large family (e.g. 35 have been identified in the genome of *Arabidopsis thaliana*; see [@MCU187C60]). Dubbed aquaporins, they are diverse yet universal and found in all living kingdoms. Aquaporins are localized to various membranes within a cell -- mostly the plasma membrane or vacuolar membrane (also known as the tonoplast), but also in other compartments ([@MCU187C22]). Plasma membrane-localized aquaporins are called plasma membrane intrinsic proteins (PIPs), and they can be classified into two types, PIP1 and PIP2, based on protein sequence similarities.

PIPs are small (24--34 kDa) proteins with six transmembrane domains, which are arranged in a ring-like conformation. Water molecules are transported inside the ring by osmosis, in both the influx and efflux directions, depending on the difference between the cytosolic and apoplastic water potentials ([@MCU187C91]). They usually form tetramers, but plant aquaporins seem to have diversified more extensively, and some of them make up heteromers ([@MCU187C34]). This variety may be reflected in their functional specificities; some of them are water-specific channels but some others are also permeable to other molecules, such as glycerol, CO~2~, boron and small organic solutes ([@MCU187C52]; [@MCU187C23]).

Aquaporins seem to mediate most of the water transfer across the plasma membrane. When the water permeability of the plasma membrane was measured in isolated protoplasts, it was found to be highly sensitive to mercury, a potent inhibitor of aquaporin function ([@MCU187C105]). The measurement varied significantly (nearly a thousand-fold) depending on the species, tissue types and developmental stages, suggesting that water movement is tightly regulated during development. In peach trees, the end of the dormancy correlates with higher expression of tonoplast and plasma membrane aquaporins and an increase in the water content in the bud ([@MCU187C152]). Overexpression of an aquaporin gene (*AtPIP1;2*) produced an increase in the growth rate, transpiration rate and photosynthetic efficiency in *Nicotiana tabacum* ([@MCU187C1]), though these effects might also be ascribed to the deregulation of stomata.

The water channels are not constitutively open, and their function can be gated, for instance through post-translational modifications ([@MCU187C23]). Their closure or opening are generally associated with environmental changes and stresses that plants experience. For instance, temperature affects aquaporin function. Cold treatments reduced turgor, hydraulic conductivity and active nutrient transport in roots of *Cucumis sativus* ([@MCU187C72]). Heavy metals (e.g. mercury, gold and silver) also close the water channels ([@MCU187C153]; [@MCU187C93]). The dark-induced increase in leaf hydraulic conductivity in *A. thaliana* depends on the phosphorylation of aquaporins ([@MCU187C104]). Furthermore, cytosolic acidification upon anoxia and other stresses inhibits water uptake via aquaporin ([@MCU187C134]).

Factors known to be involved in stress-induced signal transductions, such as reactive oxygen species (ROS; e.g. hydrogen peroxide), also affect aquaporin activity ([@MCU187C52]; [@MCU187C15]). Treatments with divalent cations (especially Ca^2+^) or H^+^ inhibited water transport in suspension cultured cells, indicating that external acidity and Ca^2+^ can also influence the gating mechanisms ([@MCU187C40]). In addition, aquaporin function is regulated via direct phosphorylation by membrane-associated calcium-dependent protein kinases ([@MCU187C61]; [@MCU187C23]).

Plasmodesmata {#s3b}
-------------

Plasmodesmata are symplasmic connections between two adjacent cells. They are the tunnels across the cell wall through which water and solutes of all kinds (e.g. nutrients, hormones, RNAs and proteins) can travel, as long as they are smaller than the size exclusion limit ([@MCU187C79]; [@MCU187C20]). Plasmodesmata are indispensable for cell--cell communication among neighbouring cells, as well as for long-distance transport and signalling. They are also important for intercellular exchange of water and osmo-active solutes, and thus for the equilibration of turgor pressure. Based on the observations from fluorescent recovery after photobleaching, the speed of movement of small molecules through plasmodesmata was calculated to be around 2·5--4·1 μm s^--1^ for a single epidermal cell wall in the root basal meristem ([@MCU187C114]). In other words, molecules can move from one cell to another almost instantaneously.

Plasmodesmata are complex structures that gather in cytoskeletons and endomembranes (especially specialized endoplasmic reticulum membranes). Like aquaporins, they are not passive 'holes' and their permeability can be gated, although it is still unclear if the gating can be complete and thus can block water and small molecules. Plasmodesmata exhibit sophisticated selectivity in macromolecule trafficking that depends on the size and species of mRNAs and proteins. The size exclusion limit measured using florescent-labelled dextran was found to be around 700--800 Da in the mesophyll cells of tobacco leaf ([@MCU187C150]). This limit was increased by \>10-fold when the leaf was infected with *Tobacco mosaic virus*, probably reflecting a strategy of the virus to spread through the plant body efficiently.

Callose deposition to the apoplastic region surrounding plasmodesmata seems to be the key event leading to the closure of plasmodesmata and prevention of protein traffic within ([@MCU187C141]; [@MCU187C74]). This callose deposition can be induced by ROS accumulation due to stress ([@MCU187C8]). Alternatively, a cytoskeleton-mediated mechanism could act in plasmodesmata gating. A surge of cytoplasmic free Ca^2+^ induces a rapid closure (within 5 s) of plasmodesmata in *Zea mays* suspension cultured cells ([@MCU187C55]). Since this process is too fast to be due to callose deposition or reabsorption, it is more likely to be due to actin, myosin and/or centrin action, as those proteins are localized at the plasmodesmata in higher plants. Turgor pressure, especially a sharp difference in pressure between adjacent cells, has been shown to regulate protein trafficking through plasmodesmata. The protein movement was blocked when the turgor pressure dropped suddenly in one cell by 200 kPa but not in the other cells of the multicellular trichomes in *Nicotiana clevelandii* ([@MCU187C95]).

Plasmodesmata, with their selective open/closed states, can create separate multicellular symplasmic domains within a tissue, where the cells may establish distinct molecular make-ups. For example, in the birch shoot apical meristem, tunica layers are separated from the corpus, and the central zone and peripheral zone consist of separate symplasmic domains ([@MCU187C109]). The tissues surrounding gametophytes also demarcate distinct symplasmic domains ([@MCU187C57]). Flowering in arabidopsis seems to correlate with symplastic isolation of the shoot apex from the phloem ([@MCU187C42]). A drastic reduction in fluorescent tracer transport, which travels from vasculature tissue to the shoot apex, was observed when plants were submitted to flowering-inducing long day conditions. Meanwhile, in short day conditions, water transport stayed high. The long day treatment not only promoted flowering but also inhibited the movement of small molecules (\<520 Da) into the shoot apex ([@MCU187C42]).

Specific closure of plasmodesmata is important for key developmental events, because of the water movement and/or diffusion of other molecules. The beginning of the rapid elongation phase of *Gossypium hirsutum* fibre is accompanied by the closure of plasmodesmata, which might enable a higher pressure to be maintained in the fast growing fibre cells and drive rapid cell elongation ([@MCU187C113]). During flower development, LEAFY and DEFICIENS, transcription factors that specify floral meristem identity in arabidopsis and floral organ identity in *Antirrhinum majus*, respectively, have been shown to move symplastically through plasmodesmata between the epidermal and internal cell layers ([@MCU187C99]; [@MCU187C122]). Whether concomitant water movement is important or not, to facilitate the protein translocation or for any other reasons, has not been directly tested yet.

Osmoregulation {#s3c}
--------------

Osmoregulation is the osmotic adjustment of the cell to control its water content by increasing or decreasing the cytosolic and vacuolar concentrations of osmotically active molecules. It should be noted that even though sub-cellular osmoregulation takes place, the osmotic pressure in the vacuole approximately equals that of the cytoplasm at equilibrium because the tonoplast (unlike the cell wall) cannot sustain significant differences in pressure. Therefore, the function of vacuolar compartmentalization is not for generating differences in pressure, but probably for removing solutes that should not be present in the cytoplasm at high concentration. Plants\' remarkable capability to osmoregulate has been well documented and researched for their response to water deficits or high salinity ([@MCU187C89]). However, osmoregulation also occurs almost constitutively in healthy plants. During a photoperiod, turgor adjusts to the periodic fluctuations in sugar concentration and water conductance ([@MCU187C50]). In addition, in order to maintain turgor during growth, cells would need to osmoregulate.

The three major classes of osmo-active molecules modulated in osmoregulation are ions, sugars and amino acids (Fig. [1](#MCU187F1){ref-type="fig"}C). The molecular mechanisms to adjust the concentration of each type of the osmolytes are as follows.

### Ions {#s3c1}

The ion concentrations in the cytosol and the organelles depend on the balance between the influx and efflux across the plasma and intracellular membranes. The transport takes place down the electrochemical potential (i.e. Nernst potential) for channels. This is the case for some sym-/antiporters, which pump ions in or out using the concentration gradient of another ion (often H^+^). Some other ion transporters (e.g. H^+^-ATPase) require ATP and energy input.

Osmoregulation via ions predominantly occurs through K^+^ and its counterions. Na^+^/H^+^ antiporters NHX1 and NHX2, which pump H^+^ out of and Na^+^ and/or K^+^ into the vacuole, are necessary for the homeostasis of vacuolar pH and K^+^ accumulation. These antiporters can act to sequester the osmo-active cations in the vacuole, thus being able to drive water movement into the vacuole first and ultimately to the whole cell, increasing the turgor pressure. When these genes were impaired, the vacuole became more acidic and 70 % less enriched in K^+^, resulting in a dwarf phenotype with reduced cell expansion ([@MCU187C7]). On the other hand, *NHX1* overexpression conferred salt tolerance ([@MCU187C2]).

### Carbohydrates {#s3c2}

Sugar production or breakdown can also elevate the osmotic potential of the cell. Carbohydrate metabolism, especially photosynthetic production of sucrose, is important for cell division and expansion. It is also important for photoperiodic turgor control and phloem transport of sugars. In sink tissues, storage polysaccharides break down to increase the osmotic potential; for example, starch splits into glucose, fructose and/or malic acid, increasing the concentration of osmo-active solutes ([@MCU187C130]).

The sucrose concentration can increase in the cytosol because of sucrose transport. Sucrose transporters, such as sucrose transporter 1 (SUT1), are monosaccharide transporters that belong to a single gene family. They are high-affinity sucrose--proton symporters, which transport sucrose and protons in the same direction across a membrane. SUT1 in *Solanum lycopersicum* and *S. tuberosum* localizes to the phloem sieve elements, where the phloem loading takes place ([@MCU187C71]). *SUT1* expression changes in response to sugar availability, and it is upregulated in the sink tissues. Reduced SUT1 levels result in a 5- to 10-fold increase in carbohydrate concentration in the leaves ([@MCU187C108]).

### Amino acids {#s3c3}

Amino acids are osmo-active, and their concentrations are modulated during osmoregulation. Proline in particular is targeted in osmoregulation. Proline is a proteinogenic amino acid with an exceptional conformational rigidity. It has been thought to be an inert, compatible osmolyte that protects sub-cellular structures and macromolecules under osmotic stress ([@MCU187C129]). The proline concentration is regulated at the levels of catabolism, inter- and intracellular transport, and biosynthesis.

Proline is synthesized from glutamate through reduction by pyrroline-5-carboxylate synthase (P5CS) and P5C reductase, and the rate-limiting step is catalysed by P5CS. *P5CS* gene expression is induced by environmental stress, and it is also under metabolic control, including negative feedback from proline itself. There are two P5CS enzymes in arabidopsis, which are highly expressed in the reproductive shoot apical meristem and floral meristems ([@MCU187C82]).

Proline is enriched in specific tissue types, regardless of its proportion relative to the other amino acids, with the highest concentrations in the flower, especially in the pollen grains and seeds ([@MCU187C120]; [@MCU187C143]). Proline-dependent osmoregulation is especially important for drought and salinity responses, or environmental stress conditions in general, including acidic conditions, low temperature and heavy metals ([@MCU187C29]).

There are clear spatio-temporal specificities in osmoregulation. It is more active in young growing tissues than in more mature tissues. Under water stress, older leaves wilt first, while younger leaves stay turgid and even continue to grow ([@MCU187C87]). Sugars and amino acids are major constituents of osmoregulation in most expanded leaves and growing hypocotyls. In growing organs, osmoregulation is largely dependent on import of solutes, in particular the products of photosynthesis. Changes in the concentrations of K^+^ and its counterions (e.g. malate and chloride) also contribute greatly ([@MCU187C89]; [@MCU187C21]).

Each cell type has a unique composition of osmotica. Single-cell sampling of cellular sap, combined with pressure probe measurement, revealed four phases of osmolyte accumulation, depending on the main osmotica type, in the developing root of *Daucus carota* ([@MCU187C68]). They were: an amino acid phase (in germinating seedlings); an ion phase (inorganic and organic ions: K^+^, nitrate and malate); a hexose phase (glucose and fructose); and a sucrose phase. The amino acid phase was specific to the germinating seedlings, whereas the latter three phases were observed in more mature, sweetening carrot root. Different cell types had different osmolyte compositions, and thus the different types of osmolyte are interchangeable with regards to turgor pressure. For example, sugar content was the highest in the cells near the vascular cambium, and the concentrations of K^+^ and sugar were usually reciprocal. Interestingly, the cambial cells contain exceptionally low K^+^ and sugar concentrations.

Furthermore, each cell type can utilize multiple mechanisms of osmoregulation. During the opening of stomatal guard cells, at least three alternative osmoregulation pathways are employed depending on the time of a day and the type of light ([@MCU187C131]). The guard cells open when their turgor increases due to the surge in their osmotic potential and resulting water influx. For the osmoregulation in these cells, carbohydrates, as well as K^+^ and its counterions, are the main osmotica to be modulated. In red light conditions, photosynthetic sucrose production supplies the osmotica. In blue light conditions, there are two possibilities. In the earlier half of the opening period, starch is broken down into malic acid, while a high H^+^ concentration in the apoplast drives Cl^--^ and K^+^ influx into the cell. In the later half of the opening period, starch turns into sucrose to maintain the high osmotic potential and keep the guard cells open.

QUANTIFYING TURGOR PRESSURE AND PLANT HYDRAULICS {#s4}
================================================

In order to assess the role of turgor pressure and its regulation, it is fundamental to obtain quantitative data on water potential, hydrostatic (turgor) pressure, osmotic pressure and hydraulics, which we review in the following. All definitions of technical terms are given in Appendix 1, together with the laws of physics that are needed to estimate them. Briefly, water flows from high to low water potential. Water potential is generally the sum of two contributions: the osmotic potential *Ψ~Π~* and the pressure potential *Ψ*~p~, *Ψ*~w~ = *Ψ~Π~* + *Ψ*~p~. The pressure potential value is simply given by the hydrostatic pressure *P* (relative to atmosphere), *Ψ*~p~ = *P*. The osmotic potential value is given by the negative of osmotic pressure *Π*, *Ψ~Π~* = --*Π* = --*MiRT*, where *M* is the molarity of the solution contained in the compartment in mol L^--1^, *i* the Van\'t Hoff factor which represents the number of distinct particles produced when the substance is dissolved (e.g. *i* = 2 for NaCl, 1 for mannitol), *R* the gas constant (8·314 L kPa^--1^ K^--1^ mol^--1^) and *T* the absolute temperature (in Kelvin). Therefore, if a cell is at equilibrium with a bath of pure water at atmospheric pressure (*Ψ*~w~ = 0), then its turgor pressure is equal to its osmotic pressure, *P* = *MiRT*. Many of the methods below are based upon the generalization of this argument.

Pressure measurements {#s4a}
---------------------

We first survey the techniques that give access to the quantification of turgor pressure, from the organ level down to the cell level.

### Psychrometer {#s4a1}

A psychrometer can be used to measure average turgor in a tissue or an organ. Its modern form is due to Boyer and collaborators ([@MCU187C18]; [@MCU187C16]). A tissue or an organ is put in a small closed chamber (Fig. [2](#MCU187F2){ref-type="fig"}A). Water evaporates from the sample until saturation vapour pressure is reached (note that the amount of water that has evaporated is small with respect to the amount of water in the sample, and so the change in water content of the sample is negligible). The system is then at equilibrium: water potentials are equal in the sample and in the gas phase; evaporation and condensation of water compensate each other, ensuring a steady state. Fig. 2.Measurements of water potential and hydraulic conductivity at the organ scale. (A) Psychrometer. (B) Pressure chamber.

A thermocouple (an electric circuit such that a temperature difference yields a voltage) is then used to measure the water potential. A small drop of a solution of known osmolarity is put on the wet junction of the thermocouple, and the thermocouple is inserted into the chamber. If the drop has a lower water potential than the chamber, then some water condenses from the atmosphere onto the drop, inducing a local temperature increase, which can be detected in comparison with the dry junction. If, conversely, the drop has a higher water potential, then some water evaporates from the drop. A drop of isopiestic solution, i.e. having the same vapour pressure as the chamber, does not induce a temperature change. The water potential of the sample is then equal to the water potential of the isopiestic drop which can be easily calculated from its osmolar content (see 'Water potential' in Appendix 1). To access turgor pressure in the organ, the osmotic pressure of the tissue cells is required, which can be obtained by extracting cell sap (e.g. by freezing, thawing and putting the sample in a syringe) and measuring its water potential with the same approach (or with other approaches, see below). An estimation of the average turgor of the sample, *P*(sample), is then the sum of the osmotic pressure *Π*(sample) and the water potential *Ψ*~w~(sample). With this technique, turgor pressure was found to be 0·46 MPa in the soybean stem ([@MCU187C94]) and 0·18 MPa in arabidopsis intermediate leaves ([@MCU187C51]).

### Pressure chamber {#s4a2}

A pressure chamber (also known as the pressurized chamber or the pressure bomb) is used to measure turgor in the excised part of a plant ([@MCU187C119]; [@MCU187C17]). For instance, the leaf is cut and placed in a closed chamber with the petiole emerging from the chamber through a sealed joint so that the cut remains outside (Fig. [2](#MCU187F2){ref-type="fig"}B). By increasing the pressure *P*(chamber) inside the chamber until the sap start to exude, it is possible to determine the water potential of the tissue cells.

The protoplastic (p) and apoplastic (a) domains of the sample are in equilibrium. The protoplastic domain, which includes all the cell content, has an additional hydrostatic pressure *P*(chamber), whereas the apoplastic domain, defined by the rest of the plant, cell wall and xylem, is at the reference atmospheric pressure because the cut is in contact with the outside. Equilibrium yields *Ψ~Π~*(p) + *Ψ*~p~(p) + *P*(chamber) = *Ψ~Π~*(a).

*Ψ~Π~*(a) can be determined by collecting some sap and measuring its osmolarity. *P*(chamber) is known. The water potential of the cells *in vivo* is *Ψ~Π~*(p) + *Ψ*~p~(p) and can then be calculated. If the osmolarity of the cells is measured (see below), then their turgor pressure can be deduced. [@MCU187C119] found values in the range 0·45--0·6 MPa for twigs from various species.

We next consider the methods developed to obtain turgor at the cell level. The first two are based upon cell volume changes under osmotic treatments (Fig. [3](#MCU187F3){ref-type="fig"}B). Fig. 3.Measurement of turgor with osmotic treatments. (A) Van\'t Hoff (Höfler) plots that enable the determination of the cell solute concentration. (B) Schematics of cell deflation in hyperosmotic solutions.

### Boyle--van\'t Hoff plots {#s4a3}

These plots were introduced by Höfler in 1920 (and are also known as Höfler diagrams) and their use was improved by [@MCU187C158], [@MCU187C137] and [@MCU187C156]; see [@MCU187C154] for a review. The method consists of bathing an isolated cell, or a tissue, successively in a set of solutions of graded molarity, *M*(bath), and of measuring the volume of the protoplast (or a of a given protoplast in a tissue), *V*(cell), for each bath, as shown in Fig. [3](#MCU187F3){ref-type="fig"}A. The linear part of the plot, when there is no turgor pressure inside the cell \[*P*(cell) = 0\], allows the determination of the total quantity of solutes in the cell, *n*(cell). Indeed, in this region, equality of water potentials implies that *M*(cell)*iRT* = *M*(bath)*i\'RT* (the same notations as above, for cell and bath, *i* and *i\'* representing the respective Van\'t Hoff factors), and hence$$V(\text{cell}) = i/i^{\prime} \times n(\text{cell})/M(\text{bath}) + b.$$

In this equation, *b* represents the hypothetical volume inside the cell that is inaccessible to water, and thus does not participate in the water potential. The slope gives access to *n*(cell) which is assumed to be constant (but see hereafter). When *n*(cell) is known, and since *V*(cell) can be read on the plot for each bath condition, *P*(cell) can be calculated. The main weakness of this technique is the assumption that *n*(cell) is constant (semi-permeable membrane and no active osmoregulation). Therefore, it would be expected that the osmotic pressure, and hence turgor, are overestimated. Also, a reliable optical measurement of volume is required for the method. The values found for turgor pressure are 0·5--0·8 MPa for the alga *Chlorella emersonii* ([@MCU187C90]) and 0·8--0·9 MPa in *Allium cepa* ([@MCU187C41])*.*

### Incipient plasmolysis {#s4a4}

Incipient plasmolysis is closely related to the previous approach, but is applicable only to walled cells because it relies on the plasmolysis point (for comparison of behaviours of protoplast-like and walled cells when increasing their bath osmolarity, see Fig. [3](#MCU187F3){ref-type="fig"}B). In addition to the same questionable assumption that *n*(cell) is constant, it is considered that the cell wall is so stiff that the cell volume change is negligible between the turgid state and the onset of plasmolysis. In order to deduce their turgor pressure, cells are put in baths of increasing osmolarity. The iso-osmotic concentration is determined by the onset of plasmolysis. Then the cell osmotic pressure can be calculated as *Π*(cell) = *Π*(bath) = *M*(bath)*iRT*, hence turgor in any bath as above. This technique is easier to implement because volume measurement is not required, but the assumptions that the cell wall is infinitely stiff and that no osmoregulation occurs also lead to an overestimation of turgor. Moreover, any adhesion between the plasma membrane and the cell wall would delay the observation of plasmolysis. Indeed, the turgor pressure of 0·79 MPa found for the pollen tubes of *Lilium longiflorum* using incipient plasmolysis ([@MCU187C10]) is significantly higher than that found with the pressure probe (see below).

### Pressure probe {#s4a5}

A pressure probe enables a direct measurement of turgor in a specific cell, isolated or within a tissue. An earlier set-up consisted of a capillary inserted in internodal cells of *Nitella flexilis* that were emptied of their protoplasts ([@MCU187C63]); the cell walls were pressurized using a syringe connected to this capillary, the pressure being measured with a Bourdon-type manometer. In the first version of the pressure probe ([@MCU187C43]), a small capillary filled with water and containing a bubble of air was inserted into a living cell. By monitoring the volume change of the bubble, it was possible to deduce the pressure acting on it, i.e. turgor pressure. The method was then improved (see, for example, [@MCU187C56]; [@MCU187C133]) by filling the capillary with oil connected to an oil chamber with a pressure sensor. When the capillary is inserted into the cell, cell contents enter the capillary because of the higher hydrostatic pressure in the cell, and a visible cell sap--oil meniscus forms (Fig. [4](#MCU187F4){ref-type="fig"}A). A piston is moved in the chamber to bring back the meniscus to the position of the cell wall (the initial limit of the cell contents); the pressure measured then is exactly turgor pressure. Fig. 4.Measurement of turgor with mechanical methods. (A) Pressure probe, wherein the pressure is measured directly using a capillary. (B) Ball tonometry, wherein the surface of contact between the sphere and the cell is determined optically. (C) Indentation methods, wherein a force--depth curve is interpreted to yield the pressure.

This method has been successfully applied to different cell types. Turgor was found to be equal to about 0·4 MPa in stems of *Glycine max* ([@MCU187C94]), 0·4 MPa in trichome cells of *N. clevelandii* ([@MCU187C95]), 0·4--0·6 MPa in *Z. mays* and *Triticum aestivum* roots ([@MCU187C115]), 0·3 MPa in *S. lycopersicum* roots ([@MCU187C44]), 0·3--0·6 MPa in the arabidopsis root epidermis ([@MCU187C123]; [@MCU187C59]), 0·2 MPa for lily pollen tubes ([@MCU187C10]) -- much lower than with incipient plasmolysis -- 0·4 MPa in arabidopsis suspension cells ([@MCU187C40]) and 0·3 MPa for tomato single cells (Wang, 2006). This technique also revealed radial gradients in the root, with turgor increasing from the epidermis to the vascular strand ([@MCU187C84]; [@MCU187C157]; [@MCU187C115]), especially with enhanced transpiration. The pressure probe has two main drawbacks: it is intrusive and the size of the probe (about 4 μm tip diameter) does not allow its use on very small cells (such as meristematic or guard cells in many plant species).

### Indentation methods {#s4a6}

The principle of indentation methods stems from the observation that turgid plants appear stiffer than when flaccid. This should also apply to the apparent stiffness when pushing on (indenting) a cell with a probe (Fig. [4](#MCU187F4){ref-type="fig"}B, C). In ball tonometry ([@MCU187C76]), a small glass bead (0·05--0·5 mm in diameter) is loaded with a controlled force onto an onion epidermal cell and the resulting contact area between the ball and the cell is optically measured. The pressure is then deduced using the relationship between pressure, force and area (see Fig. [4](#MCU187F4){ref-type="fig"}B), yielding a value of about 0·6 MPa. The principle is similar to the micromanipulation technique used in [@MCU187C147], where a single cell is squeezed between a small cylindrical flat-ended probe and a flat surface, yielding a value of 0·3 MPa in tomato single cells. These approaches are efficient but the interpretation of the results discarded the contribution of the cell wall to cell stiffness.

The use of more refined instruments such as the atomic force microscope (AFM) or microindenters (such as the cellular force microscope; [@MCU187C112]) provides the ability to control a very small tip (radius typically \<1 μm) and push it into a particular cell (see Fig. [4](#MCU187F4){ref-type="fig"}C). As the indentation depth increases, the required force increases. Analysing the force--indentation curve with appropriate mechanical models makes it possible to take into account the contribution of the cell wall, but the deduction of the turgor pressure value is still an active research field ([@MCU187C30]; [@MCU187C159]; [@MCU187C112]; [@MCU187C162], [@MCU187C162]). With such a method, [@MCU187C145] obtained values of 0·3 MPa for lily pollen tubes, much closer to pressure probe measurements than incipient plasmolysis ([@MCU187C10]).

Osmolarity measurements {#s4b}
-----------------------

Among the techniques described above for turgor pressure, some also enable determination of the osmolarity of the sample: e.g. Höfler diagrams and the incipient plasmolysis technique, since knowing the osmolarity is a prerequisite for the determination of turgor; or the psychrometer as the isopiestic drop in equilibrium with the solution inside the chamber has the same osmolarity as the solution.

In freezing-point osmometry, the cell content needs to be extracted. The osmometer will cool it until it freezes. The presence of solutes in a solvent reduces its freezing point. (It is common practice during winter to put salt on roads because salt lowers the freezing point.) This phenomenon depends mostly on the concentration of solutes and not on their nature, at least for small solutes \[for large solutes such as polyethylene glycol (PEG), osmotic potential depends non-linearly on concentration\]. By measuring the freezing point of the solution, the osmometer gives access to its osmolarity. Osmolality (per kg, unlike osmolarity which is per L) of barley leaf epidermal cells was measured from 430 to 550 mosmol kg^--1^ with this technique ([@MCU187C36]).

Water and solute movement {#s4c}
-------------------------

The first methods at the organ level are based on imposing or measuring a water flux and its proportionality with differences in pressure or in water potential.

### Pressure chamber {#s4c1}

It is possible to deduce the hydraulic conductivity *L*~p~ (see Appendix 1) with a pressure chamber ([@MCU187C17]), using the relationship *L*~p~ = *J*~v~/(*A* × *P*) where *J*~v~ is the rate of sap flow that is exuded from the excised tip because of the pressure, *P*, applied inside the chamber and *A* is the overall surface area of the sample. Values of *L*~p~ found with this technique are about 2 × 10^--8^ m s^--1^ MPa^--1^ for the root of *Lotus japonicus* ([@MCU187C53]), 2·7 × 10^--6^ m s^--1^ MPa^--1^ for arabidopsis root and 1·5 × 10^--7^ m s^--1^ MPa^--1^ for arabidopsis rosette ([@MCU187C102]).

### Vacuum pump {#s4c2}

In this method ([@MCU187C67]), a piece of plant is enclosed in a chamber with negative pressure *P*, the stem or the petiole being outside the chamber and immersed in water. The negative pressure pulls water from the bath through the plant with a flow rate (*F*, units mmol s^--1^ m^--2^ or kg s^--1^ m^--2^) that depends on the hydraulic conductance of the sample, *K*. The value of *K* is given by the slope of the flow rate vs. the vacuum pressure, *P*. This technique gave values in the range 0·4--0·8 mmol s^--1^ MPa^--1^ for the root of *Artemisia tridentata* ([@MCU187C67]).

### High pressure flowmeter {#s4c3}

In this method introduced by [@MCU187C138], pressurized water is forced into the stem of an excised plant towards the roots or leaves. The pressure (*P*, units MPa) at the inlet is tuneable, and the corresponding inflow (*F*, units mmol s^--1^ m^--2^ or kg s^--1^ m^--2^) can be measured. The slope of the *F* vs. *P* plot corresponds to the hydraulic conductance *K*. Typical values found for conductance range from 3 to 10 × 10^--4^ kg s^--1^ m^--2^ MPa^--1^ for leaves of different crop species ([@MCU187C136]), and from 1 to 2 × 10^--4^ kg s^--1^ m^--2^ MPa^--1^ for mature leaves of different tropical species ([@MCU187C139]). We note that the three previous methods tend to induce stomatal opening and are therefore more sensitive to inner conductance when leaves are probed, unlike the next method.

### Evaporative flux {#s4c4}

This method ([@MCU187C116]) is based on the proportionality between transpiration rate (*E*, units mmol s^--1^ m^--2^) and the difference in water potential between plant and soil, respectively *Ψ*~w~(leaf) and *Ψ*~w~(soil). The coefficient of proportionality is the conductance *K* = *E*/\[*Ψ*~w~(soil) -- *Ψ*~w~(leaf)\]. Values of *K* found with this technique are in the range 1--10 × 10^--4^ kg s^--1^ m^--2^ MPa^--1^ for leaves of different crop species ([@MCU187C136]), in agreement with the high pressure flowmeter (see paragraph above), and about 2 × 10^--4^ kg s^--1^ m^--2^ MPa^--1^ for the arabidopsis leaf ([@MCU187C81]). Values obtained with the three previous methods (vacuum pump, high pressure and evaporative flux) are in good agreement with each other because they are based on the same principles ([@MCU187C117]). The last method is less intrusive than the two previous ones, but measurements are more delicate.

### Pressure probe {#s4c5}

The pressure probe can be used to modulate the position of the meniscus and follow the dynamics of the pressure until a steady state is reached, with a half-time *τ*. The hydraulic conductivity of the cell membrane, *L*~p~, is determined by *L*~p~ = ln2 × *V*(cell)/\[*A*(cell) × *τ* × (*ϵ* + *Π*)\] where *V*(cell) is the initial volume of the cell, *A*(cell) its membrane area, *ϵ* = *V* d*P*/d*V* (derivative of pressure with respect to volume) the volumetric elastic modulus, and *Π* the internal osmotic pressure. *ϵ* expresses how the volume of the cell changes with pressure due to cell wall elasticity, and this value is therefore accessible by applying a pressure difference and estimating the volume change by optical means (see, for example, [@MCU187C156]).

The pressure probe can also be used to perform a 'pressure clamp' experiment ([@MCU187C149]): the pressure inside a cell is artificially maintained at a constant value higher than that at rest. The expression of *L*~p~ becomes *L*~p~ = -- *S*~v~/\[*A*(cell) × Δ*P*\] where *S*~v~ is the initial slope of the volume relaxation \[=(dΔ*V*/d*t*)\|*~t~* ~=~ ~0~\], *A* is the membrane area, and Δ*P* is the difference between the initial turgor pressure and the imposed pressure.

This is an improvement on the previous method to deduce *L*~p~ because there is no need to know *Π* and *V*(cell), which reduces errors. The volume change Δ*V* is imposed with the pressure probe, and therefore more precisely known than if measured optically. Typical values of *L*~p~ found with the pressure probe are about 1·7 × 10^--4^ cm s^--1^ MPa^--1^ for *Chara corallina* internodes cells ([@MCU187C155]; [@MCU187C149]), 6 × 10^--7^ m s^--1^ MPa^--1^ for corn and barley young roots ([@MCU187C62]), 9 × 10^--7^ m s^--1^ MPa^--1^ for maize young roots ([@MCU187C65]), 1·2 × 10^--8^ m s^--1^ MPa^--1^ for tomato roots ([@MCU187C44]), 5 × 10^--7^ m s^--1^ MPa^--1^ for root cortical cells of lotus ([@MCU187C53]), 4·6 × 10^--7^ m s^--1^ MPa^--1^ for arabidospsis suspension cells ([@MCU187C40]), and 0·5--8 × 10^--6^ m s^--1^ MPa^--1^ for parenchyma cells of Venus flytrap leaf ([@MCU187C26]). Note that in techniques where the volume of displaced water is important, such as in the pressure clamp or the high pressure flowmeter, solutes can accumulate in front of the osmotic barrier so that the compartment is no longer at osmotic equilibrium. This can lead to significant errors in the calculated value of *L*~p~ ([@MCU187C65]).

Finally, the pressure probe can also be used to monitor solute exchange indirectly ([@MCU187C128]). When the external bath of a maize root was changed to a bath containing a high concentration of solute, the pressure measured was observed to follow a fast relaxation, probably corresponding to water movement from the root to the bath, and a slow secondary relaxation, that could be ascribed to ion exchanges between the root and the bath. As osmoregulation cannot be excluded, the time scale of the secondary relaxation could correspond to the half-time of ion exchange or of osmoregulation (or of a combination of both).

### Specific ion electrode technique/scanning ion-selective electrode technique/microelectrode ion flux estimation/ion-specific vibrating probe {#s4c6}

This technique can be used to quantify the concentration and flux of specific ions. It involves the measurement of the voltage difference between a reference electrode and an electrode in contact with the solution of interest and filled with an ionophore, i.e. a lipid-soluble compound that is only permeable to a specific ion. The voltage difference is related to the concentration of this ion by the Nernst equation. By displacing the measurement electrode, it is possible to deduce the gradient of this ion close to the cell, and hence the diffusive flux across the surface using Fick\'s law and a tabulated value of the diffusion coefficient ([@MCU187C66]) or a calibration in known ion gradients ([@MCU187C70]). In practice, this electrode is oscillated sinusoidally, allowing the measurement to be quicker than the system drift ([@MCU187C70]; [@MCU187C66]). Using this technique, it was found that fluxes had values of about 30 pmol cm^--2^ s^--1^ for Ca^2+^ influx at the cell apex of cotton fibre ([@MCU187C132]), whereas they ranged from 100 to 500 pmol cm^--2^ s^--1^ for Na^+^ efflux in the root of cucumber and pumpkin ([@MCU187C73]). However, a main drawback of this technique is the poor specificity of some ionophores, as shown for chloride ([@MCU187C85]).

### Fluorescent tracing {#s4c7}

Indications on solute movement of larger molecules and therefore plasmodesmatal connectivity can be obtained by monitoring the movement of a fluorescent dye in the tissue. Since membrane channels do not generally allow the passage of such dyes, fluxes can be ascribed to plasmodesmata. Dye passage can therefore be ascribed either to simple diffusion or to mean water flow across plasmodesmata. The dye can be microinjected in a specific domain ([@MCU187C47]), or loaded by iontophoresis (application of a current of a few nanoAmps through the membrane to facilitate the entry of the dye) as in [@MCU187C109]. Plants can be bombarded with microparticles carrying plasmids with *GFP* (green fluorescent protein) constructs ([@MCU187C75]). In other experiments, all the tissue is dyed but a restricted zone is photobleached, allowing the measurement of the recovery time ([@MCU187C114]). These methods allow the deduction of the effective diffusion constants between cells inside the same symplastic domain and the plasmodesma permeability; however it is not possible to distinguish between water flow and solute diffusion. Typical values for arabidopsis root are *D* approx. 50 μm^--2^ s^--1^ and permeability approx. 10 μm s^--1^ ([@MCU187C114]).

CASE STUDIES {#s5}
============

Based on the information we have described above, we now illustrate how changes in turgor pressure and different mechanisms of turgor modulation drive developmental processes, drawing three major events in flower development as examples (Fig. [5](#MCU187F5){ref-type="fig"}). Fig. 5.Case studies in the flower. (A) Anther dehiscence. (B) Petal expansion. (C) Pollen tube growth.

Anther dehiscence {#s5a}
-----------------

When plants are ready for reproduction, the anthers open to expose and release mature pollen. This process is called anther dehiscence, and in many species it is the temporal determinant of pollination and subsequent fertilization. Anther dehiscence is thought to result from a refined sequence of water allocation within the stamen (Fig. [5](#MCU187F5){ref-type="fig"}A); the endothecium (the sub-epidermal tissue) and other specific cell types are actively hydrated first and then dehydrated during the final stages of stamen differentiation ([@MCU187C121]; [@MCU187C92]).

During the hydration phase, water fluxes into the endothecium and pollen inflate these structures. The enhanced hydration of the epidermal and sub-epidermal endothecium cells increases up the turgor pressure in these cells and the turgor-driven force borne by the epidermis, dramatically increasing the lateral tension in the epidermis. The heightened tension ruptures the weakest point -- the stomium cells -- and breaks open the entire anther locules ([@MCU187C64]).

Osmoregulation through K^+^ accumulation seems to be the key in turgor control en route to anther dehiscence. The Na^+^/H^+^ antiporters NHX1 and NHX2 are necessary for maintenance of proper vacuolar pH and K^+^ concentration. In *nhx1; nhx2* double mutants of arabidopsis, some flowers (approx. 7 %) have problems with stamen filament elongation and anther dehiscence ([@MCU187C7]). In barley, K^+^ is highly concentrated especially in the stomium; this cell-specific K^+^ accumulation may lead to targeted turgor enhancement and then breakage ([@MCU187C106]). In *Oryza sativa*, on the other hand, it has been reported that swelling of pollen due to specific K^+^ accumulation there is responsible for stomium breakage ([@MCU187C160]).

Once the stomium breaks, the anthers start to dehydrate. The endothecium has string-like secondary thickening of the cell wall that is mainly composed of lignin. When those cells dry, the endothecium undergoes enhanced shrinkage like a spring and creates an outward bending force, leading to full opening of the anthers and effective pollen release ([@MCU187C64]). MYB26 transcription factor is necessary and sufficient for the secondary thickening of the endothecium cell wall in arabidopsis. The mutant of the gene (*male sterile 35*) can open the anther only partially, even though the stomium is broken ([@MCU187C151]). PIP2 aquaporin proteins, which are specifically expressed in the anthers and styles, facilitate the withdrawal of water in tobacco ([@MCU187C13], [@MCU187C14]). The anthers of RNAi (RNA interference) plants with reduced expression of *PIP2* genes dehisced more slowly compared with the wild type; nuclear magnetic resonance (NMR)-based tracking of water movement indicated slower water removal from the anthers.

Anther dehydration is also driven by accumulation of osmolytes in the surrounding connective tissues and stamen filaments. The sucrose transporter AtSUC1 is localized in the connective tissues, which could drive water out of the anthers ([@MCU187C127]). The *DAD1* (*DEFECTIVE IN ANTHER DEHISCENCE1*) gene of arabidopsis, which encodes the enzyme that catalyses the first step of jasmonic acid (JA) biosynthesis, is expressed in the filaments immediately prior to flower opening ([@MCU187C58]). The *dad1* mutant has defects in anther dehydration and is delayed in anther dehiscence. The mutant is reduced in filament elongation and petal expansion, and thus a model was proposed for hydraulic synchronization of anther dehiscence and flower opening. Translocation of water from the anther to the filament and petal would ensure that a suite of pollination-related events occurred simultaneously. The model is in accordance with the finding in *Allium cepa* that filament elongation occurs concomitantly with anther dehiscence ([@MCU187C64]).

Flower opening {#s5b}
--------------

In addition to anther dehiscence, opening of the flower generally marks the onset of pollination. Flower opening is thought to facilitate pollen maturation and release, and it also makes the stigma on the carpels accessible to pollination ([@MCU187C31]). There are several types of flower opening (e.g. single vs. repeated or nocturnal vs. diurnal) depending on the species; most species, however, undergo single and permanent opening.

Water movement is important for opening of the flower, since the process is impaired in rose cut flowers if there is a blockage in the basal stem ([@MCU187C31]). In some other species (e.g. cotton and chrysanthemum), the continuum of water in the flower is separated from that in the stem, and the flower can open even when leaves are wilting due to desiccation ([@MCU187C135]; [@MCU187C31]). Such separation may be highlighting the importance of water relations in flower opening and development in general.

Floral buds open due to petal expansion and, to a lesser extent, stamen elongation (Fig. [5](#MCU187F5){ref-type="fig"}B). Flower opening is typically rapid and is completed within 5--30 min. In most species it occurs due to uncovering of the petals (i.e. removal of physical constraints, for example through the abscission of bracts and sepals) or petal movements. Petal movements can be controlled by cell expansion or shrinkage via osmoregulation. For example, the petals of *Gentiana kochiana* and possibly *Kalanchoe blossfeldiana* move through reversible, turgor-driven expansion and contraction of cells on the adaxial surface ([@MCU187C31]). A similar mechanism of cell expansion/shrinkage leading to reversible opening of a structure also underlies the opening/closure of the ice plant seed capsules ([@MCU187C49]).

In most species studied to date, petal movements occur due to differential growth rate of the epidermis on the two sides (i.e. abaxial or adaxial sides). A flower opens when the adaxial side of petals grows more than the abaxial side (Fig. [5](#MCU187F5){ref-type="fig"}B). This differential growth is mostly mediated by differential osmoregulation; carbohydrates accumulate, from either mobilization of storage carbohydrates or sucrose import ([@MCU187C31]). Young flowers typically contain high levels of starch. Solute levels increase prior to flower opening through the uptake of sugars from the apoplast and the conversion of polysaccharides (starch, fructan or both) to monosaccharides (fructose and glucose). Supporting this notion, inhibition of starch degradation prevented petal growth in lily ([@MCU187C12]).

The petals of Morning Glory (*Ipomoea tricolor*) open early in one morning and senesce in the afternoon of the same day. The senescence starts by rolling of the corolla, curling the rib starting from the distal tip margins. This process is induced by ethylene, which enhances ion (Rb^+^) and sucrose efflux from the rib; the rolling could be due to asymmetric turgor changes, since the petals could be unrolled when turgor pressure was eliminated in a strong hyperosmotic treatment that plasmolysed cells ([@MCU187C48]).

Aquaporins play central roles in petal cell expansion, and they mediate ethylene-dependent inhibition of flower opening. In roses, ethylene inhibits or promotes petal growth depending on the cultivars ([@MCU187C107]), and in the cultivar 'Samantha' it negatively regulates petal expansion. Ethylene treatments resulted in irregular, smaller petals due to less cell expansion and water content, and aquaporin genes *PIP1;1* and *PIP2;1* were found to be downregulated ([@MCU187C80]; [@MCU187C25]). Ethylene seems to regulate aquaporin expression and ultimately petal cell expansion, via miRNA164-mediated post-transcriptional regulation and the NAC-domain transcription factor RhNAC100 ([@MCU187C98]).

In the case of tulip, in which the flower opens diurnally according to the daily temperature fluctuations, petal expansion is regulated at the level of aquaporin protein activity. The petals open when the temperature rises in the morning, and they close in the evening when the temperature drops. It has been shown that warm temperature activates water transport into the petal cells via the phosphorylation of PIP2;2 aquaporin in a Ca^2+^-dependent manner ([@MCU187C3], [@MCU187C4]).

Pollen tube growth {#s5c}
------------------

When pollen lands on the stigma at the tip of carpels, it bulges out at one position and begins to elongate as a tube. The pollen tube is the tubular extrusion of the vegetative cell of the microgametophyte. It carries two sperm cells inside and elongates inside the style of the carpels to bring the sperm to the megagametophyte for fertilization. The pollen tube is an autonomous single-cell system that undergoes localized growth at the very tip, a type of cell growth called 'tip growth' (Fig. [5](#MCU187F5){ref-type="fig"}C), which is also found in fungal hyphae and root hairs. The pollen tube is one of the best-studied systems in plant cell biology, especially with regards to the investigation of cell growth regulation.

Growth is thought to be driven by turgor pressure, and the pollen tube is one of the fastest growing cells ([@MCU187C118]). Thus a question arises: is turgor pressure particularly high in the pollen tube? AtSUC1 is highly expressed in pollen and important for pollen tube germination and growth ([@MCU187C127]; [@MCU187C126]), suggesting the importance of sucrose import in pollen tube growth. Pollen has high contents of proline and hydroproline (0·14 % of the soluble molecules), which are enriched at the tip ([@MCU187C28]). As plasmolysis starts at the tip upon a strong hyperosmotic treatment ([@MCU187C54]), it might also be argued that water influx/efflux is restricted to the growing tip; it should be noted, however, that plasmolysis usually start at the corners of cells.

[@MCU187C10] conducted pressure probe measurement of lily pollen tubes, being able to keep a micropipette inserted for 20--30 min without affecting the growth significantly. The turgor was measured in the range 0·1--0·4 MPa, about 0·21 MPa on average. They also estimated the turgor pressure within the tube using incipient plasmolysis and found the mean to be 0·79 MPa. This discrepancy might be ascribed to the limitations of the incipient plasmolysis technique, e.g. cells could osmoregulate upon hyperosmotic treatments. Indeed the value 0·3 MPa obtained by [@MCU187C145] using microindentation is consistent with the pressure probe measurement. [@MCU187C10] found no clear correlation between growth rates and turgor pressure; faster growing tubes did not necessarily contain higher turgor.

This observation questions the classic assumption that turgor pressure is the driving force for growth. Such a driving force could be provided by callose deposition at the rear of the protoplast, pushing it forward (see, for example, [@MCU187C97]) and eventually forming callose plugs preventing backward motion, though deposition would need to be fast enough to account for the speed at which tubes elongate. The assumption that turgor pressure is the driving force can be further explored in the context of oscillatory growth of pollen tube. A pollen tube starts out growing steadily, but frequently switches to oscillatory growth over time, when it grows too quickly or experiences instabilities ([@MCU187C24]). The tube cycles between fast and slow phases of growth, repeating the shifts between growth promotion and inhibition every few minutes; thus oscillatory growth allows fine dissection of the temporal sequence of factors acting on the growth regulation. The concentrations of osmotically active solutes (such as prolines) do fluctuate depending on the phases of the oscillatory growth (Daseck and Harwood, 1974). Ion influx (K^+^ and Ca^2+^) oscillates too, but its peak immediately precedes the slow growth phase, rather than the fast growth phase ([@MCU187C24]). Furthermore, no consistent oscillation-dependent variation in turgor pressure was measured in lily pollen tube ([@MCU187C10]).

Altogether, it is difficult to determine whether, in the pollen tube, turgor pressure drives growth in a dose-dependent fashion. Since plasmolysed cells that lack turgor pressure cannot grow, it can be said that a threshold turgor pressure is necessary for growth ([@MCU187C69]). On the other hand, excessive turgor pressure (around twice as much as normal) burst the tube at the tip ([@MCU187C10]). Therefore, the role of turgor in growth may be that its calibration to a particular range is important for growth maintenance. Recently a model was proposed to explain such turgor calibration ([@MCU187C54]). An osmosensor detects the difference in osmotic pressure between the cytoplasm and apoplast. The osmosensor is localized to the plasma membrane at the growing tip of the tube to regulate the influx of water. Since it was found to be sensitive to the treatment with mercury (an inhibitor of aquaporins), an aquaporin was suggested to be the osmosensor ([@MCU187C124]). Alternatively, in such fast-growing cells as the pollen tube, cell wall extensibility could be large, so that turgor would remain close to the yield pressure required for growth ([@MCU187C77]), which would explain why no oscillations of turgor have been observed. Changes in growth rates would be caused by any change in hydraulic conductivity or in osmotic potential, with no need to modulate turgor pressure. Nevertheless, turgor pressure would drive growth as in other scenarios.

DISCUSSION {#s6}
==========

Turgor pressure tends to be taken for granted. It is perhaps too often believed to be passive and unresponsive. However, in reality, it is active and dynamic, constantly changing depending on internal and external cues. Despite the widely held dogma that turgor pressure is uniform in all cells of an organ (due to the numerous symplasmic connections, plasmodesmata), cells are equipped with machinery to create differential turgor pressure. In normal and stress-response processes of development and physiology, cells are constantly regulating their turgor pressure via molecular changes that modulate water influx/efflux into and out of the cell.

An emerging picture is that the regulation of turgor pressure and water movement in and out of the cell is critical for many developmental processes, in flowers and elsewhere. A series of recent reports on arabidopsis lateral root development collectively signify this point. At the stage of primordia bulging (stage IV), both paths of water movement (i.e. aquaporins and plasmodesmata) are restricted. Most *PIP* genes are downregulated, and altered levels of *PIP2;1* transcripts delayed lateral root emergence ([@MCU187C100]). Immature lateral roots are symplastically isolated in stages IV and onward; without this symplasmic separation, lateral root number and spacing were disturbed ([@MCU187C96]; [@MCU187C9]). Compression by mechanically stiff neighbouring cells is critical for lateral root emergence and development ([@MCU187C78]; [@MCU187C144]), and inhibition of water movement into and out of the primordia would strengthen this compression effect. Whether such hydraulic isolation results in differential turgor or not remains to be elucidated. At least, it appears that turgor decreases in the root cortex following auxin treatment (Peret *et al*., 2012).

Despite many indications that it is possible and probably commonplace, differential turgor pressure remains rather elusive, since it is difficult to be measured directly. Technical advances in turgor measurement (precise, accessible to the deep tissue and non-destructive) are necessary for clear evidence of turgor variation. Fine-tip pressure probing or nano-indentation has the potential to deliver such a measurement strategy. In parallel to the mechanical measurement, an optical approach should also be employed; pressure-sensitive proteins, including fluorescent markers, can be engineered as biosensors of turgor pressure ([@MCU187C5], [@MCU187C6]; [@MCU187C148]).

Future technologies will facilitate investigation of turgor regulation and its functional significance. For example, the recently available lines of arabidopsis in which plasmodesmata can be closed in a cell type-specific manner ([@MCU187C141]) are powerful genetic tools; they can reveal the importance of symplasmic movements of small molecules, including water. As we understand more about gating mechanisms of plasmodesmata, inducible plasmodesmata opening lines may become available, allowing us to dissect the importance of distinct symplasmic domains that pre-condition differential turgor pressure. Similarly, specific and controlled modulation of aquaporin function through drug treatments or genetic modification would greatly help the dissection of water movement among cells. Improved, cellular and sub-cellular resolution osmometer measurement and visualization of water content with magnetic resonance imaging (MRI) would also provide critical information underlying turgor differences and changes.

Once we can experimentally monitor and control the turgor pressure of specific cells, the importance of dynamic turgor regulation in plant development, growth and physiology will become more evident. Experimental data from physico-biological investigations often require interpretation with computer modelling, via close collaborations across biology and physical sciences. Theoretical and empirical efforts will together uncover how turgor drives morphogenesis by pressuring the cells, one cell at a time.

Work by the authors was supported by the European Research Council \[StG 307387 to A.B.\] and Chancellor\'s Fellowship from the University of Edinburgh \[to N.N.\].

Brief definitions of turgor-related terms and the corresponding mathematical definitions are given below.

*Water potential* (of a specific compartment) (notation *Ψ*~w~, units MPa): this is the energy per unit volume of water in a specific compartment. The lower the water potential of a compartment is, the more 'favourable' is this compartment for water molecules. If possible, water flows towards compartments where the water potential is the lowest. This rule drives the osmosis phenomena. Water potential can be expressed as a sum of different factors involving gravity, interaction with the matrix, interaction with solutes and hydrostatic pressure ([@MCU187C17]). In practice, this sum is often reduced to its two main components: the osmotic potential *Ψ~Π~* and the pressure potential *Ψ*~p~.$$\mathit{\Psi}_{w} = \mathit{\Psi}_{\Pi} + \mathit{\Psi}_{p}$$

The water potential of a compartment containing only pure water at atmospheric pressure is zero (because both *Ψ~Π~* and *Ψ*~p~ are equal to zero). If two different compartments (e.g. a protoplast and its external bath) are at equilibrium --- in other words there is no water movement --- their water potentials are equal.$$\mathit{\Psi}_{w}(\text{cell}) = \mathit{\Psi}_{w}(\text{bath})$$

This relationship is very useful to deduce the properties of the cell, since the water potential of a bath solution can be measured with an osmometer or imposed by the solute content. The reference pressure potential of a solution under atmospheric pressure being zero, its water potential is equal to its osmotic potential. At equilibrium:$$\mathit{\Psi}_{w}(\text{cell}) = \mathit{\Psi}_{\Pi}(\text{bath}) + \mathit{\Psi}_{p}(\text{bath}) = \mathit{\Psi}_{\Pi}(\text{bath})$$

*Osmotic potential* (of a specific compartment) (notation: *Ψ~Π~* or more rarely *Ψ*s, units MPa): this energy per unit volume corresponds to the stabilization of water molecules by interacting with solutes. Therefore, the osmotic potential is always negative (stabilization), being equal to zero for pure water (taken as a reference). The osmotic potential value is given by the negative of osmotic pressure *Π*.$$\mathit{\Psi}_{\Pi} = - \mathit{\Pi} = - MiRT$$

where *M* is the molarity of the solution contained in the compartment in mol L^--1^, *i* is the Van\'t Hoff factor (the product *M* × *i* is in other words the osmolarity of the solution), *R* is the gas constant (8·314 L kPa^--1^ K^--1^ mol^--1^) and *T* the absolute temperature. Equivalently, one can use the correspondence between *Π* = 0·1 MPa and *M\'i* = 42 mosmol kg^--1^ (which holds at 20 °C).

*Osmotic pressure* (of a specific compartment) (notation *Π*, units MPa): contrary to common belief, it is not a physical pressure, but rather an expression of the osmolarity of the solution contained in the compartment, since *Π* = *MiRT* (see 'Osmotic potential'). This common confusion comes from (in addition to the name 'osmotic pressure', which is confusing by itself) the statement that the osmotic pressure is the pressure that needs to be applied to a solution to prevent inward flow of water across a semi-permeable membrane. This is true but confusing. Consider a cell bathed in pure water. The water potential of the cell is *Ψ*~w~(cell) = --*Π* + *P*. The water potential of the pure water bath is zero. To prevent any water movement, the system should be at equilibrium, which means *Ψ*~w~(cell) = *Ψ*~w~(pure water) = 0. This implies *Π* = *P*. So if, numerically, the value of the osmotic pressure of the cell is the same as the value of its hydrostatic pressure, then there is no water movement. However, this is only true for a pure water bath, and this does not mean that osmotic pressure is an actual pressure, nor that high osmotic value implies high hydrostatic value. Put in a bath with high osmolarity, at equilibrium the hydrostatic pressure of the same cell will be low if not zero.

*Pressure potential* (of a specific compartment) (notation *Ψ*~p~, units MPa): this energy per unit volume corresponds to the stabilization or destabilization of water molecules due to the pressure inside the compartment. Atmospheric pressure can be taken as a reference. For pressures higher than atmospheric, 'pressurized' water molecules are destabilized (*Ψ*~p~ \> 0). For pressures lower than atmospheric, water molecules are stabilized (*Ψ*~p~ \< 0). This last case can only be achieved under specific conditions, for example in the xylem where the sap is in tension (negative pressure). Xylem therefore acts like a water pump system. The pressure potential value is simply given by the hydrostatic pressure *P* (relative to atmosphere).$$\mathit{\Psi}_{p} = P$$

*Turgor pressure* = *hydrostatic pressure* (notation *P*, units bars or MPa): this is the force per unit area (Newton per square metre = Pa) water molecules apply on their environment.

*Vapour (saturation) pressure* (defined for a given temperature): this is the pressure in a gas when this gas and its liquid phase are at equilibrium. For each solution (with a specific water potential), there is a corresponding saturation vapour pressure.

*Permeability* (often expressed in μm s^--1^): a speed representing how fast a molecule (often a dye) can move through a barrier (e.g. a plasmodesma). It is sometimes used with the meaning of conductivity.

*Hydraulic conductivity* (notation *L*~p~, units m s^--1^ MPa^--1^ or μL s^--1^ m^--2^ MPa^--1^): the ratio between the flow rate of water, normalized by the area upon which this flow occurs, between two compartments and the difference in water potential between these two compartments. The compartments can be individual cells \[the term cell hydraulic (or water) conductivity is then used, written *L*~pcell~\] for which the area is often that of the plasma membrane, or tissues \[e.g. for root, the term hydrostatic root hydraulic (or water) conductivity is used, written *L*~pr-h~\]. In the case of cells, it will depend, for instance, on the concentration and activity of aquaporins.

*Hydraulic conductance* (notation *K*, units d mmol s^--1^ MPa^--1^ or kg s^--1^ MPa^--1^ or m^3^ s^--1^ MPa^--1^): the same as hydraulic conductivity (applied to water quantity, mass or volume), but with no normalization by area. This is a property of the organ or of the leafy shoot that is tested.

*Flux* (*J*, expressed in mol m^--2^ s^--1^ or in kg m^--2^ s^--1^): represents how many molecules can cross a unit area (of cell wall, per example) per unit time.

*Drop in water potential related to water flow*: the flux is proportional to the conductivity and to the water potential difference between the two compartments, *J* = *L*~p~ Δ*Ψ*~w~. In out of equilibrium situations, water flows (driven for instance by evaporation), generating drops in water potential, and so in turgor, that depend on conductivity and on flux. Therefore, the regulation of conductivity can lead to modulations in turgor pressure.

*Flow rate* (*J*~v~, units m^3^ s^--1^ or μL s^--1^): represents the volume of liquid (e.g. sap) exuded from a cut per unit time.

*Half-time of water exchange* (*t~1~*~/2~, units s): after a rapid increase or decrease of the pressure inside a cell (e.g. forced with a pressure probe), water exchanges with the surrounding cells allow the pressure to stabilize again at its steady-state value. The pressure follows an exponential behaviour as a function of time, and *t*~1/2~ is the time needed to recover half of the pressure difference.
